ADDITIONAL INDEX WORDS. heat treatment, Lactuca sativa, PAL, phenolic metabolism, phenylalanine ammonia-lyase, polyphenol oxidase, wound responses ABSTRACT. Wounds and injuries incurred during preparation of fresh-cut lettuce (Lactuca sativa L.) stimulate phenolic metabolism, which leads to tissue browning. Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5.) is the first committed enzyme in the phenylpropanoid pathway and regulates its overall activity. Maximum activity of wound-induced PAL occurred sooner as the storage temperature increased from 0 to 25 °C, but the maximums were lower. A heat shock at 50 °C for 90 seconds protected fresh-cut lettuce tissue against browning, helped retain greenness, and decreased subsequent production of phenolics when applied either after or before wounding. Browning was reduced when the heat shock was applied up to 36 hours after wounding, while the maximum effect occurs around 6 hours before cutting. Like the heat-shock treatment, the protein synthesis inhibitor cycloheximide reduced wound-induced PAL activity, but it did not prevent tissue browning. When cycloheximide was applied in combination with heat-shock treatments, browning did not occur. Heat shocks may control tissue browning by more than just interfering with protein synthesis.
usually not as effective as sulfites because of the greater stability and better penetration of the latter (Sapers and Ziolkowski, 1987) . A novel approach for the control of PPO in vivo is the use of antisense RNA techniques (Bird and Ray, 1991) , which has resulted in about 70% of the transformed plants showing lower PPO activity when compared to controls. Other researchers have detected the existence of a natural PAL inactivating system in potato (Solanum tuberosum L.) (Zucker, 1968) , sunflower (Helianthus annuus L.) (Creasy, 1976; Gupta and Creasy, 1991) , and lettuce (Ritenour and Saltveit, 1996) . Methods to rapidly induce this PAL inactivating system should reduce subsequent browning.
Since lettuce tissue browning requires the wound-induced synthesis of certain proteins, chemical inhibitors of protein synthesis could be effective at reducing browning by interfering with the synthesis of enzymes involved in phenolic metabolism. However, their toxic nature automatically precludes their use on foods. Other less restrictive methods also have the ability to reduce protein synthesis. Brief abiotic shocks (e.g., heat shocks) are known to interfere with 'normal' protein synthesis by preferentially inducing the synthesis of a unique set of stress proteins (Saltveit, 2001) . To date, postharvest heat treatments have been applied for extended periods as quarantine treatments to eliminate insect larvae or as alternatives to postharvest chemical dips and sprays (Klein and Lurie, 1992) . Blanching at >50 °C inactivates PPO, but it may produce undesirable changes in color, flavor, and texture in some crops (Klein and Lurie, 1991; Ma et al., 1992) . A less stringent, brief heat-shock treatment delays the browning of lettuce midrib tissue without causing any undesirable changes in appearance or texture (Loaiza-Velarde et al., 1997) .
The object of this research was to evaluate the effect of applying a brief heat shock to lettuce tissue before and after it was wounded by cutting. We also compared the effect of chemical proteinsynthesis inhibitors to the effects of heat-shock treatments on the quality of fresh-cut lettuce.
Materials and Methods
PLANT MATERIAL. Freshly harvested iceberg lettuce was obtained from a local wholesale market, transported to the Mann Laboratory, University of California, Davis, and kept at ≈0.5 °C until used. Outer and damaged leaves were discarded and only the Preparation of fresh-cut fruit and vegetables necessarily involves physically injuring the tissue. This unavoidable trauma causes both an immediate and a subsequent physical response that alters the physiological activities and subsequent quality of the product (Brecht, 1995; Saltveit, 1997; Watada et al., 1990) . Enzymatic and nonenzymatic reactions lead to browning of many foods (Iyengar and McEvily, 1992) . Browning is beneficial when it contributes to the desirable color and flavor of such products as raisins, prunes, coffee, tea, and cocoa (Mayer and Harel, 1979; Vamos-Vigyazo, 1981) . However, for other products, browning usually impairs their quality because of associated changes in color, flavor, aroma and texture (Hall, 1989; Huxsoll et al., 1989; Shewfelt, 1986) .
In lettuce (Lactuca sativa) leaf tissue, the intensity of browning has been correlated with both an increase in phenlypropanoid metabolism and a decrease in final visual quality (Couture et al., 1993) . Browning involves a complex set of interrelated metabolic reactions (Sapers, 1993) . Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5.) is the first committed enzyme in the phenylpropanoid pathway and regulates its overall activity (Dixon and Paiva, 1995) . PAL activity is increased by a number of biotic and abiotic stresses. The most important factors that determine the rate of enzymatic browning of fruit and vegetables are the concentration of phenolic compounds in the tissue, activity of polyphenol oxidase (PPO, EC 1.10.3.1), tissue pH, temperature, and oxygen availability (Martinez and Whitaker, 1995; Rhodes and Wooltorton, 1978) . All of the PPOs discovered have the ability to convert o-dihydroxyphenols to o-benzoquinones using O 2 as the second substrate (catecholase activity) (Fujita et al., 1991) . The presence of a wide range of odihydroxyphenols in plant tissue constitutes a great deal of potential for browning (Strack, 1997) . Quinones condense and react nonenzymatically with other phenolic compounds, amino acids, and other constituents to produce pigments of indeterminate structure.
Browning can be effectively inhibited by sulfites, however, the hazard of allergic-like reactions in sulfite-sensitive asthmatics currently restricts their use (U.S. Food and Drug Administration, 1986, 1990) . The search for alternative browning inhibitors has stimulated considerable research. Ascorbic acid-based browning inhibitors are next approximately eight sound leaves were carefully separated from the head for use in experiments. Leaves were excised starting 3 cm away from their base and either used whole or cut into 2 × 2-cm pieces according to the needs of each experiment.
TREATMENTS. Cut lettuce midrib tissue segments were randomly selected and stored at 0, 5, 10, 15, 20, or 25 °C. The tissue was kept under a flow of humidified air (≈90% relative humidity) at a rate sufficient to prevent the accumulation of CO 2 above 0.15%. Replicate samples were withdrawn at different times and assayed for PAL activity or frozen at -80 °C until analyzed.
Heat shocks were applied 0, 12, 24, 36, or 48 h after wounding by immersing the leaf pieces in a model 9001 Fisher Scientific (San Francisco, Calif.) hot-water bath at 50 °C for 90 s. Following the heat shocks, the tissue was placed in 10 °C deionized water for 30 s, and then centrifuged for 15 s in a home salad spinner to remove excess water. The tissue was then put into 200-mL jars and held at 10 °C in airtight metal boxes through which a flow of ethylene-free, humidified air was maintained at a sufficient rate to keep the CO 2 level below 0.15%. Replicated samples were assayed for PAL activity, phenolic content, and L* and a* values at various times after the heat-shock treatment, or frozen at -80 °C until analyzed.
Lettuce tissue was heat shocked before wounding by immersing excised whole leaves in water at 50 °C for 90 s as in the previous experiment. After 0, 2, 6, 12, 24, or 36 h following heat shock, 2 × 2-cm pieces of midrib tissue were excised starting 6 cm away from the original site of excision. The wounded tissue was placed into 200-mL jars and held at 10 °C as previously described.
Lettuce leaf pieces were exposed to 0.0 or 8 mM aqueous solutions of the protein synthesis inhibitor cycloheximide (CHX; Sigma Chemical Co., St. Louis, Mo.) by completely submerging 40 g of the 2 × 2-cm segments in 250 mL of the 10 °C solutions for 30 min with shaking. The treatments were applied 0, 2, 6, 12, 24, or 36 h after wounding. After immersion, the tissue was centrifuged in a salad spinner for 1 min to eliminate excess solution and held at 10 °C, as previously described, until analyzed.
PHENOLIC COMPOUND DETERMINATION. Phenolic compounds were extracted as previously described Ke and Saltveit (1988) ; 10 g of tissue was homogenized with 20 mL of methanol using an Ultra-Turrax tissue homogenizer (Takmar, Cincinnati, Ohio) at moderate speed for 30 s. The homogenate was filtered through four layers of cheesecloth and centrifuged at 15,000 g n for 15 min. The supernatant was used directly to measure the browning potential and soluble o-quinones of lettuce tissue. The absorbance of an aliquot of the supernatant was read at 320 nm to determined browning potential, and at 437 nm to determine the relative concentration of soluble o-quinones with an UV-VIS recording spectrophotometer (UV-160A; Shimadzu Scientific Instrument, Columbia, Md.).
EVALUATION OF a* AND L* VALUES. The a* and L* values were determined from the remnants of the filtration for the phenolic extraction. They were placed in a transparent, multiwell tissue culture plate. Upon drying, a* and L* values were measured with a chromameter (CR-200; Minolta Camera Co., Palo Alto, Calif.) after calibrating with a white plate (L* = 97.63; a* = -0.53; and b* = 2.38). ENZYME ASSAY. PAL activity was assayed as previously described (Ke and Saltveit, 1986) .
STATISTICAL ANALYSIS. Results reported in this paper are means of duplicate samples ± SD. All experiments were performed more than once. Even though slight variations existed from experiment to experiment, identical trends were detected.
Results and Discussion
Maximal wound-induced PAL activity of 0.10 ± 0.06 µmol·g -1 ·h -1 was reached in ≈6 h at 20 or 25 °C (Fig. 1) . At 5 °C, maximal woundinduced PAL activity of 0.18 ± 0.02 µmol·g occurred after 12 h at 10 °C and after 6 h at 15 °C, respectively. PAL activity continued to increase at 0 °C for the 64-h duration of the experiment. Although maximal PAL activity occurred faster at the higher temperatures, the peaks were smaller than at the lower temperatures and there was a decline to initial levels of activity by 18 h at 20 or 25 °C, 30 h at 15 °C, and 64 h at 10 °C.
The decline occurred more slowly at 5 °C, and not at all at 0 °C. Wound-induced PAL activity increased in a roughly linear fashion for the first 24 h after wounding at 5 °C, and then declined slightly for the next 12 h (Fig. 2) . This decline after 24 h is coincident with the previously reported time required for induction of the PAL inactivating factor (Ritenour and Saltveit, 1996) . A heat shock (i.e., 50 °C for 90 s) was applied 1, 8, or 24 h after wounding. The heat shock at 1 h had no immediate effect on PAL activity, but prevented any further increase in activity, which remained constant at 0.06 ± 0.02 µmol·g ). PAL activity was periodically assayed during 64 h of storage. Symbols represent means (n = 6) ± SD, SD bars are present only when larger than the symbols.
wounding resulted in immediate decreases in PAL activity from 0.15 ± 0.02 to 0.09 ± 0.02 µmol·g , respectively. The subsequent fairly stable rates persisted for the duration of the experiment. The magnitude of the decrease in PAL activity following the heat shock at 8 or 24 h was about 40% from the control rate induced by wounding. There was no drop in PAL activity following a heat shock at 36 h, but the rate of activity remained stable after the heat shock (data not presented).
About 40% of the PAL synthesized in response to wounding appears to be sensitive to the heat shock, as shown by the immediate reduction in activity following the heat shock, while the other 60% appears resistant, as shown by the stable rate after the heat shock (Fig. 2) . Different isozymes of PAL could be synthesized that have different thermal stabilities, or the synthesized PAL could be sequestered in different cellular compartments whose internal composition alters the thermal sensitivity of the enzyme. A number of PAL isozymes are synthesized by plant tissues, and many of them have slightly different enzyme kinetics and cellular distribution (Appert et al., 1991; Neumann et al., 1991; Sarma et al., 1998) .
There was a slight increase in subsequent tissue browning reactions and loss of quality when the heat shock was delayed for up to 36 h following wounding (Fig. 3A-D) . A much greater change occurred when the heat shock was delayed 48 h. Tissue browning (i.e., lower L* value) (Fig. 3A) , loss of green color (i.e., higher a* value) (Fig. 3B) , and accumulation of soluble o-quinones (Fig. 3D) showed only slight changes when the heat shock was delayed 0, 12, 24, or 36 h after cutting. A much greater change occurred in the browning potential of the tissue (Fig. 3C) under similar conditions. All four measures showed a rapid change between the 36 h and 48 h treatment. Significantly, these rapid detrimental changes in all four measures of quality seemed to lag behind the maximum increase in PAL activity (Fig. 1) by about 24 h at 5 °C. Keeping the delay between wounding and heat shock to within 36 h maintained the greatest benefit from the heat shock. When the heat shock was applied to whole leaves of lettuce before wounding, the wound-induced increase in PAL activity was suppressed for at least 36 h at 5 °C (Fig.   Fig. 7 . Evaluation of the effect of cycloheximide treatment (8-mM solution for 30 min) applied at 0, 2, 6, 12, 24, or 36 h after wounding. Affected quality was assessed as changes in (A) L* value, (B) a* value, (C) browning potential (absorbance at 320 nm), and (D) accumulation of soluble o-quinones (absorbance at 437 nm) 3 d after receiving the treatment. Symbols represent means (n = 6) ± SD, SD bars are present only when larger than the symbols. Fig. 6 . Effect of cycloheximide treatment (8-mM solution for 30 min) on PAL activity in fresh-cut lettuce. PAL activity (mmol cinnamic acid g -1 ·h -1 ) was evaluated 24 h after the treatment was received. Symbols represent means (n = 6) ± SD. 4); longer times before wounding were not tested. Wounding increased PAL activity about 3-fold from 0.03 ± 0.004 to 0.10 ± 0.005 µmol·g -1 ·h -1 in 24 h, while tissue previously given the heat shock up to 36 h before wounding maintained PAL activity near the level found in the nonwounded control (0.02 ± 0.005 µmol·g -1 ·h -1
). Not all the measures of lettuce quality were equally affected by the heat shock (Fig. 5 ). An increase in browning (i.e., the decline in L*) started at -6 h and continued to -36 h (Fig. 5A ). Loss of greenness (i.e., larger a* values) started at -2 h and continued to -36 h (Fig. 5B ). Both browning potential (Fig. 5C ) and soluble o-quinones ( Fig. 5D) started to increase at -6 h and reached constant levels at -24 h. Although the heat shock delayed the increase in woundinduced PAL activity when applied up to 36 h before wounding (Fig. 4) , the other aspects of the wound response were not inhibited as much and recovered earlier than PAL synthesis (Fig.  5A-D) . Application of the heat shock before wounding allowed some of the wound-induced responses to recover and responded similarly to the wounded control tissue that was not heat shocked.
If the heat-shock treatment prevents the increase in woundinduced PAL activity and browning by interfering with protein synthesis, then an inhibitor of protein synthesis such as CHX should show a similar effect. Preliminary experiments with various concentrations of CHX showed that 8.0 mM was effective at reducing protein synthesis (data not presented) and the woundinduced synthesis of PAL (Fig. 6) . The effectiveness of the CHX treatment depended on the time of application. The greatest control occurred when treatment was within 2 h of wounding. PAL activity in tissue treated with CHX 2 h after wounding doubled from 0.02 ± 0.003 to 0.04 ± 0.006 µmol·g -1 ·h -1 within 24 h of wounding, while PAL increased 6-fold to 0.12 ± 0.006 µmol·g -1 ·h -1 in nontreated, wounded tissue. Extending the time between wounding and treatment with CHX to 6, 12 and 24 h resulted in a progressive decrease in its effectiveness, such that there was no statistical difference between the wounded treated and nontreated tissue when treatment was delayed 24 h.
Even though CHX reduced the increase in wound-induced PAL activity when applied close to the time of wounding (Fig. 6) , it also caused tissue browning (Fig. 7A) . CHX may be inducing some aspects of phenylpropanoid metabolism since there was a significant increase in browning. No matter when the CHX treatment was applied, all the treated tissue lost green color (a*), turned brown (L*), accumulated phenolic compounds, and progressively converted them into soluble o-quinones to a greater extent than the wounded tissue not treated with CHX ( Fig. 7A-D) . Every CHX treatment increased the level of soluble oquinones from 3-to 7-fold over the wounded control, while they increased browning potential about 35% over the wounded control.
Wounding caused a 7-fold increase in PAL activity which was reduced by over 50% to a 2.7-fold increase by immediately treating the wounded lettuce with CHX (Fig. 8) . The heat shock applied at the time of wounding reduced the rise in woundinduced PAL activity to only 27% of that in wounded tissue (from 0.131 ± 0.006 to 0.024 ± 0.003 µmol·g ). When applied together, the heat shock and CHX treatments completely prevented any increase in PAL activity following wounding. The heat-shock treatment not only reduced the wound-induced increase in PAL activity, but it also helped maintain the four measured attributes of lettuce quality near their control, nonwounded levels ( Fig. 9A-D) . In contrast, CHX reduced the rise in wound-induced PAL activity, but it also reduced all four parameters of lettuce quality. These two treatments had opposite effects with regard to the four measurements of quality. When they were combined, the heat shock effect predominated over the CHX effect, and became the prevalent treatment with all its benefits. Once again, the major difference among the treatments was the large increase in soluble o-quinones in the tissue treated with CHX.
Treatment with CHX produced some unexpected results. Even while CHX reduced the wound-induced increase in PAL activity in lettuce tissue, it stimulated the accumulation of soluble o-quinones and tissue browning. The heat-shock treatment used in this study reduced PAL activity and protected wounded lettuce tissue against browning. As a physical treatment, heat shocks proved to be more effective in preventing browning than chemical treatments with an inhibitor of protein synthesis (e.g., CHX), which caused browning. The window of time for the beneficial application of the heat-shock treatments to prevent wound-induced increases in PAL activity, accumulation of soluble oquinones, and tissue browning was 24 h before and 12 h after wounding. Thus, heat shocks may control tissue browning in cut lettuce by more than just interfering with protein synthesis.
